Abstract. Using monoclonal antibodies we identified a group of eight polypeptides of rat liver nuclear envelopes that have common epitopes. Most or all of these proteins are structurally distinct, as shown by tryptic peptide mapping and analysis with polyclonal antibodies. While these polypeptides are relatively tightly bound to nuclear membranes, only one is an integral membrane protein. The eight antigens cofractionate with the nuclear pore complex under various conditions of ionic strength and detergent. It can be seen by immunofluorescence microscopy that the monoclonaI antibodies reacting with these antigens stain the nuclear surface of interphase cells in a finely punctate pattern. When the nuclear envelope is disassembled and subsequently reformed during mitosis, the proteins are reversibly dispersed throughout the cytoplasm in the form of minute foci. By EM immunogold localization on isolated nuclear envelopes, the monoclonal antibodies label exclusively the nuclear pore complex, at both its nucleoplasmic and cytoplasmic margins. Considered together, our biochemical and localization data indicate that the eight nuclear envelope polypeptides are pore complex components. As shown in the accompanying paper (Holt, G. D., C. M. Snow, A. Senior, R. S. Haltiwanger, L. Gerace, and G. W. Hart, J. Cell Biol., 104:1157-1164) these eight polypeptides contain a novel form of glycosylation, O-linked N-acetylglucosamine. The relative abundance and disposition of these O-linked glycoproteins in the pore complex are consistent with their having a role in nucleocytoplasmic transport. T HE nuclear envelope forms the membrane boundary of the nucleus in eukaryotic cells (for reviews see references 13 and 14). Its principal functions include compartmentalization of nuclear metabolism and control of selective macromolecular movement between nucleus and cytoplasm. The major structural components of the nuclear envelope are inner and outer nuclear membranes, nuclear lamina, and pore complexes. The nuclear lamina (reviewed in references 16 and 33) is a meshwork of intermediate filaments lining the nucleoplasmic surface of the inner nuclear membrane, which is thought to provide a framework for the regulation of nuclear envelope structure and an anchoring site at the nuclear periphery for interphase chromosomes (18). Pore complexes constitute large supramolecular structures present at regions where inner and outer nuclear membranes are joined to form pores (2, 15), and are thought to be the major or exclusive sites of molecular exchanges across the nuclear envelope (11, 13, 14, 39) .
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Based on cell microinjection studies, the pore complex appears to contain an aqueous channel of ,,o10 nm in diameter through which solutes and sufficiently small macromolecules (e.g., proteins <20-40 kD) can migrate by passive diffusion (35, 41) . However, nncleocytoplasmic transport of larger macromolecules probably involves mediated mechanisms (7, 10) . Recent work has shown that certain nuclear proteins contain discrete structural regions (6) or sequences (21, 23, 28, 36) that mediate their nuclear localization. While the mechanism of action of these localization sequences is not clearly established, they may interact specifically with components of the nuclear pore complex to mediate nuclear import.
Understanding the processes of nucleocytoplasmic transport will require detailed biochemical information on the pore complex. This structure may have a molecular weight of 25-50 x 106, but relatively little is known about its macromolecular constituents. At least most of the pore complex consists of protein (1, 8) , but up to now only two of its polypeptides have been identified. One of these (gpl90) is an integral membrane glycoprotein of 190 kD (19) apparently containing high-mannose oligosaccharide (3, 19) , which may anchor the pore complex to nuclear membranes. A second pore complex glycoprotein of 62 kD was described recently (5) that binds wheat germ agglutinin (a lectin specific for N-acetylglucosamine and sialic acids).
To obtain immunological probes specific for the pore complex, we isolated a number of monoclonal antibodies reacting with rat liver nuclear envelopes. Using these antibodies, we identified a group of eight structurally distinct nuclear envelope polypeptides that share epitopes. Based on subeellular fractionation and immunocytochemical localization, these polypeptides occur specifically in the nuclear pore complex. As shown in the accompanying paper (25) , the common epitopes of these proteins contain a recentlydescribed type of glycosylation, O-linked N-acetylglucosamine (24, 44) . Based on our localization results, this unusual sugar linkage is cytoplasmically disposed, in contrast to the lumenal disposition of other well-characterized protein glycosylation of intracellular membrane compartments. The possible involvement of these glycoproteins in nucleocytoplasmic transport is discussed.
Materials and Methods

Isolation and Fractionation of Nuclear Envelopes
Unless otherwise noted, all procedures described in Materials and Methods were conducted at 0--4°C. Nuclear envelopes were isolated from rat liver as described (18) . 1 U of nuclear envelopes is the amount derived from 1 A~0 U of isolated rat liver nuclei (containing 3 × 106 nuclei). To prepare suit-washed nuclear envelopes, pellets of crude nuclear envelopes were resuspended in 10% sucrose, 10 mM triethanolamine-HCl, pH 7.4, 0.1 mM MgCI2, and 1 mM dithiothreitol (DTT) (STM buffer) L at a concentration of "ol.5 mg/ml protein, and to this was added an equal volume of STM buffer containing 1 M NaCI. After 5 rain, the sample was centrifuged over a cushion of STM buffer containing a total of 30% sucrose for 20 min at 6,500 g in a centrifuge (J6B, Beckman Instruments, Inc., Palo Alto, CA).
For various chemical extractions, pellets of crude or salt-washed nuclear envelopes (see Fig. 6 ) were resuspended at a concentration of"~0.75 mg/ml protein in (a) STM buffer containing 2 M NaC1; (b) 10% sucrose, 2 % Triton X-100, 20 mM triethanolamine-HCl, pH 7.4, 20 mM KC1, 5 mM MgC12, and I mM DTT (Triton/low salt buffer); (c) 10% sucrose, 2% Triton X-100, 20 mM MES-KOH, pH 6.0, 300 mM KC1, 2 mM EDTA, and 1 mM DTT (Triton/high salt buffer); (d) 0.1 N NaOH, and 10 mM DTT; or (e) 4 M guanidine-HCI, 50 mM triethanolamine-HCl, pH 7.4, and 10 mM DTT. Samples were incubated for 5 rain (a, d, and e) or for 30 rain (b and c) and were centrifuged for 30 rain at 6,500 g in a J6B centrifuge (a-c) or for 1 h at 140,000 g in a 50 Ti rotor (d and e) to yield supernatants and pellets (centrifuge and rotor, Beckman Instruments, Inc.).
Production and Characterization of Monoclonal and Polyclonal Antibodies
To obtain monoclonal antibodies, a pore complex-lamina fraction isolated from rat liver nuclear envelopes by sequential extraction with 1 M NaC1 and 2 % Triton X-100 in low ionic strength buffer (8) was used to immunize 18-19-wk-old BALB/c mice (Harlan Sprague Dawley, Inc., Indianapolis, IN). The initial injection involved 750 I~g protein in complete Freund's adjuvant (administered intraperitoneally and subcutaneously), followed by two to three subsequent injections given at 4-5-wk intervals with 150 ttg protein in incomplete Freund's adjuvant (administered in the same fashion). Approximately 1 mo after the penultimate injection, mice were injected intraperitoneally with 150-450 ttg protein in PBS (10 mM sodium phosphate, pH 7.4, 140 mM NaCI), and 3 d later were killed. Spleen cells from immunized mice were then fused with the mouse myeloma cell line P3-X63-Ag8.653 0(3) and hybridomas were grown as described (31) . Culture supernatants from fusion wells were screened by immunoblot analysis of saltwashed rat liver nuclear envelopes and by immunofluorescence microscopy of normal rat kidney (NRK) cells (see below). Fusion wells that yielded an appropriate positive reaction with both assays were subcloned two successive times in soft agar (31) or by limiting dilution in 96-well microtiter plates using mouse thymocytes as a feeder layer. Freezing of myeloma lines and production of ascites fluid in mice was carried out as described (31) .
Monoclonal IgGs were purified by DEAE cellulose column chromatography (47) . Pooled peak fractions were dialyzed against 50% glycerol in PBS and stored at -20°C. Monoclonal IgMs were isolated by centrifuging ascites fluid at 140,000 g for 15 min and chromatngraphing the supernatant on a column of Sephacryl S-400 in a buffer containing 50 mM Tris-HC1, pH 8.8, 500 mM NaCI, and 0.02% NAN3. IgM peak fractions from the column were pooled, concentrated to 1 mg/ml, and dialyzed against 50% glycerol, 25 mM Tris-HC1, pH 8.0, 250 mM NaC1, and 0.01% NaN3 and stored at -20°C.
1. Abbreviations used in this paper: NRK, normal rat kidney; STM buffer, 10% sucrose, 10 mM triethanolamine-HCl, pH 7.4, 0.1 mM MgCI2, and 1 mM DTT.
The isotype of each monoclonal antibody was determined as described (27) . Isotypes of antibodies USed in this study are RL1, IgM; RL2, IgG1; RL3, IgG1; RIA, IgG1; RLt, IgG3; RLI1, IgGl; and RL12, IgM. For control mouse monoclonal antibodies, an irrelevant monoclonal IgG1 (HA4) (27) was the kind gift of Dr. Ann Hubbard, and an irrelevant monoclonal IgM (MS1) was kindly provided by Dr. Metre Strand, both of Johns Hopkins University School of Medicine.
To prepare polyclonal antibodies to individual glycoprotein polypeptides, antigens were immunoadsorbed from nuclear envelopes with RL2 conjugated to Sepharose 4B (see below), and proteins were electrophoresed on preparative SDS gels. Individual bands were excised from these gels after staining in aqueous Coomassie Blue (0.1% Coomassie Blue in 25 mM Tris base, 190 mM glycine), were homogenized in H20 and were injected into 4-6-1b New Zealand white rabbits. The first immunization (",,20-40 ttg protein) was in complete Freund's adjuvant and was administered by multiple site injections. Booster injections ("o10-20 ttg protein) were given at '~l-2-mo intervals in incomplete Freund's adjuvant at multiple sites. Antibodies raised against specific bands were affinity purified using nitrocellulose transfers of the same bands as immunoadsorbents (4) .
Binding Studies with Monoclonal Antibodies
Solid-phase competitive binding analysis with monoclonal antibodies was done essentially as described (31) . The 180-k.D glycoprotein was immunoadsorbed from rat liver nuclear envelopes with antibody RLll (below). Antigens were eluted from immunoadsorbent beads with 0.5% SDS, 1(3 mM ammonium acetate, pH 8.0, and this eluate was diluted to 0.01% SDS before being dried in 96-well microtiter plates (40 ng of the 180-kD polypeptide applied per well). Antibodies were labeled with t25I by the chloramine T procedure to specific activities of 6-15 x 106 cpm/ttg (22) and were incubated in microtiter wells at a concentration of 1-3 x 10 -9 M in the presence or absence of a 1,000-fold molar excess of various unlabeled monoclonal antibodies.
For quantitative analysis of binding of antibodies to isolated nuclear envelopes, monoclonal antibodies labeled with ~I (22) were diluted to a specific activity of 1.6 x 106 cpm/gg with unlabeled antibodies. Saltwashed rat liver nuclear envelopes (0.45 mg/ml) were then incubated for 90 min using gentle agitation with various concentrations of monocionai antibodies in a buffer containing 2 mg/ml bovine serum albumin (fraction V; Miles Scientific Div., Naperville, IL), 25 mM triethanolamine-HCl, pH 7.4, 125 mM NaCI, and 1 mM MgC12. Samples (50 Ixl) were then layered over a 200-ttl cushion of 20% sucrose, 10 mM triethanolamine-HC1, pH 7.4, and 0.1 mM MgCI2 in 400 I.tl (5-cm long) polyethylene tubes and were centrifuged at 15,000 g for I0 rain to pellet nuclear envelopes and bound antibody. Supernatants and pellets were then counted in a gamma counter. Nonspecific antibody binding was measured by incubating nuclear envelopes with t25I-labeled HA4. All samples were analyzed in triplicate.
Gel Electrophoresis and Peptide Mapping
SDS PAGE of proteins was carried out on 7.5-15% gradient gels (38) using the sample preparation conditions described (19) . Apparent molecular masses of proteins were determined from their mobilities on a 7 % SDS polyacrylamide gel compared with high molecular mass protein standards (myosin, 205 kD; [~-galactosidase D, 116 kD; phosphorylase B, 97.4 kD; bovine serum albumin, 66 kD; and egg albumin, 45 kD; Sigma Chemical Co., St. Louis, MO). Mass of protein bands on Coomassie Blue-stained SDS gels was determined by dye elution in 25% pyridine followed by spectrophotometric measurement of 605 nm (12) using bovine serum albumin as a.standard. Two-dimensional gel separation involved electrophoresis on nonequilibrium pH gradient gels followed by SDS polyacrylamide gels as described (40) . T~w-dimensional tryptic peptide mapping on cellulose thinlayer plates was carried out as described (9) 30 min at room temperature in 0.5% Triton X-100, 2% bovine serum albumin (fraction V; Miles Scientific Div.) in PBS, blots were given sequential 1-h incubations at room temperature with 5 gg/ml mouse monoclonal antibody followed by 106 cpm/ml L~I-mbbit anti-mouse lgG in the Triton/bovine serum albumin/PBS solution. Blots were given five 5-rain washes in 0.5 % Triton X-100 in PBS after each of these two antibody incubations. Alternately, blots were incubated (and subsequently washed) sequentially in 5 lag/ml mouse monoclonal antibody, 1 0g/ml rabbit anti-mouse IgG, and, finally, 106 cpm/ml t~I-protein A as described above. Immunoblots were air-dried and exposed to x-ray film for autoradiography at -80°C using a Lightening Plus intensifying screen (E. I. Dupont de Nemours & Co., Wilmington, DE). Rabbit anti-mouse IgG and protein A were iodinated to specific activities of ,,07 xl06 and 10 ~ cpm/0g, respectively, by the chlommine T procedure (22) .
Immunoadsorption
Purified monoclonal antibodies were conjugated to cyanogen bromide-activated Sepharose 4B (Pharmacia Fine Chemicals, Piscataway, NJ) at a concentmtion of 5 mg/ml in a buffer containing 0.2 M sodium carbonate, pH 8.9, according to the manufacturer's instructions. To solubilize nuclear envelope proteius for immunoadsorption, pellets of salt-washed nuclear envelopes were resuspended at a protein concentration of 0.75 mg/ml in 2 % Triton X-100, 20 mM Tris, pH 8.8, 500 mM NaC1, 2 mM EDTA, 0.5 mM phenylmethylsulfonyl fluoride (PMSF), 1% trasylol, and 2 gg/ml each of chymostatin, leupeptin, antipain, and pepstatin A. After sonication and incubation for 1 h, samples were centrifuged for 15 min at 15,000 g in a microfuge, and supernatants were mixed with an equal volume of the above solubilization buffer containing 45 mM Hepes -KOH, pH 6.8, instead of 20 mM Tris, pH 8.8. Subsequently, samples were incubated overnight with monoclonal antibodies conjugated to Sepharose 4B (usually 20 gl of antibody-bead conjugate per 150 ttg solubilized nuclear envelope protein).
Beads were then washed four times with 2 % Triton X-100, 30 mM Tris-HCl, pH 7.4, 500 told NaC1, and 2 mM EDTA and two times with 10 mM Tris-HC1, pH 7.4. Finally, antigens ware eluted from immunoadsorbent beads in SDS gel sample buffer (17) .
In some immunoadsorption experiments, nuclear envelopes were solubilized at 0.25 mg/ml by boiling in 0.2% SDS, 50 mM triethanolamine-HC1, pH 7.4, 100 mM NaCI, 2 mM EDTA, 0.5 mM PMSF, and 2 Ixg/ml each of chymostatin, leupeptin, antipain, and pepstatin A. After cooling, Triton X-100 was added to 2% and samples were centrifuged at 15,000 g for 15 min. Supernatants were then incubated with antibody-Sepharose conjugates for immunoadsorption as described above.
lmmunolocalization
For immunofluorescence microscopy of tissue culture cells, NRK cells were grown on glass coverslips in Dulbecco's modified Eagle's medium (Gibco, Grand Island, NY) containing 10% fetal calf serum, 100 U/rnl penicillin, and 100 gg/ml streptomycin. Cells were fixed by incubating eoverslips for either 4 or 10 min at room temperature in 4 % paraformaldehyde in PBS containing 0.1 mM MgCI2 and 0.1 mM CaC12. Cells were then permeabilized with 0.5 % Triton X-100 in PBS and labeled for indirect immunofluorescence microscopy as described (46) . The fluorescent antibody was rhodamineconjugated rabbit anti-mouse IgG (Cappel Worthington Biochemicals, Malveru, PA).
For immunofluorescence labeling of liver cryosections, fresh rat liver was diced into small cubes and immediately frozen in O.C.T. embedding compound (Miles Scientific Div.) in a bath of isopentane cooled in liquid N2. 4-p.m cryosections were then cut, mounted on glass slides, fixed in 100% methanol at 0*C for 10 min, and processed for immunofluorescence staining as described above.
EM immunogoid localization was performed on salt-washed rat liver nuclear envelopes. First, 0.15 mg/ml suspensions of nuclear envelopes in STM 
* Taken from Fig. 1 A. Antibodies RL2 and RL3 also reacted with bands in the 90-145 kD range. Since no major bands in this region were immunoadsorbed by the same antibodies, these immunoreactive bands were not further characterized.
buffer were pipetted into plastic tissue culture petri dishes that were centrifuged at 500 g for 15 s in a J6B centrifuge to attach the nuclear envelopes to the petri dishes, where all subsequent processing occurred. Material was then given an initial fixation in 4% paraformaldehyde in PBS for 10 min at room temperature, and subsequently incubated in 50 m/vl NI-hC1 in PBS for 10 rain. Next, samples were incubated in a humid chamber for 30-60 min at room temperature with various monoclonal antibodies diluted to a concentration of 14--50 gg/ml in PBS containing 0.2% gelatin. After washing in PBS, samples were incubated in a humid chamber with goat anti-mouse IgM or goat anti-mouse IgG conjugated with 5 nm gold (Jannsen Life Sciences Products, Piscataway, NJ) for 0.5-4 h at room temperature or 6-18 h at 4"C. After more washes in PBS, samples were fixed in 2% glutaraldehyde, 0.2% tannic acid in PBS containing 0.1 mM MgCI2, and were further postfixed in OsO4, embedded, sectioned, and stained for EM as described (19) .
Results
A Group of Nuclear Envelope Polypeptides Identified by MonoclonaI Antibodies
A pore complex-enriched subfraction of rat liver nuclear envelopes was used to prepare a number of mouse monoclonal antibodies. In immunofluorescence staining of cultured cells (see below), some antibodies gave distinct punctate labeling of the nuclear surface. This class of antibodies was selected for analysis in this paper. Surprisingly, on immunoblots of nuclear envelope protein all of these antibodies reacted with specific subsets of a group of eight different nuclear envelope polypeptides with apparent molecular masses of 210, 180, 145, 100, 63, 58, 54, and 45 kD ( Fig. 1 A and Table I ). 2 Some monoclonal antibodies (e.g., RL1 and RL2) reacted with all eight polypeptides, while other monoclonals reacted with smaller subsets of the group (Table I) . Every antibody bound to the 180-kD band, and one antibody (RLll) was virtually monospecific for this polypeptide. Identical sets of bands were labeled on immunoblots by each antibody when either total nuclear envelope protein ( Fig. 1 A, lane 1 for RL2; remainder not shown) or the nuclear envelope antigens immunoadsorbed by monoclonal antibody RL2
( Fig. 1 A, lanes 2-8) were analyzed.
The monoclonal antibodies also were characterized by immunoadsorption of antigens from solubilized rat liver nuclear envelopes followed by analysis on SDS gels (Fig. 1 B, 2. Several additional polypeptides between 90 and 145 kD also were recognized on immunoblots by monoclonal antibodies RL2 and RL3 [see Fig.  1 A, lanes 3 and 4l, but since these bands represented minor stained species in immunoadsorbed samples [ Fig. 1 B] , they were not included in our analysis. In contrast, while the 54 and 45 kD bands were labeled only weakly on immunoblots, they corresponded to relatively major polypeptides in immunoadsorbed samples [see Fig. 2 ] and were therefore included in our study. lanes 1-8) . q~ypically, all of the bands recognized on immunoblots by a particular monoclonal antibody were adsorbed (with greater or lesser efficiency) by the same antibody, as shown by immunoblot analysis of the adsorbed and unadsorbed protein fractions (data not shown) and by the presence of major bands in immunoprecipitates that precisely comigrated with the major labeled polypeptides on immunoblots (cf. Figs. 1, A and B; see also Fig. 2 below) . Bands of similar migration to the polypeptides detected on immunoblots of rat liver nuclear envelopes by RL1 were specifically adsorbed by this antibody from NRK cells labeled for 15 h with 35S-methionine ( Fig. 1 B, cf. lanes 10, 11, and 1),
showing that rapidly dividing cells also express these polypeptides.
A Triton/high salt buffer commonly was used for nuclear envelope solubilization in these experiments, since it permitted efficient immunoadsorption. However, with this relatively nondenaturing condition, additional polypeptides not Figure 2 . Two-dimensional gel analysis of the nuclear envelope antigens recognized by monoclonal antibodies. The RL2 antigens were immunoadsorbed from nuclear envelopes solubilized in Triton/high salt buffer. Adsorbed samples were then subjected to nonequilibrium pH gradient electrophoresis (NEPHGE) followed by SDS gel electrophoresis (SDS). Two-dimensional gels were either stained with Coomassie Blue (A) or were analyzed by immunoblotting with RL2 (B). Samples of the proteins adsorbed by RL2 were run on the SDS gel as standards (lanes at left of A and B; molecular masses designate RL2-immunoreactive bands). Arrowheads in A and B indicate the six immunoreactive bands present in RL2 immunoprecipitates that were clearly resolved on the two-dimensional gels. Figure 4 . Immunoblot analysis of the related nuclear envelope antigens with polyclonal antibodies. The nuclear envelope polypeptides adsorbed by RL2 were analyzed by immunoblotting with monoclonal antibody RL2, or with afffinity-purified polyclonal antibodies prepared against the 180-, 100-, 63-, and 54-kD bands. Figure 3 . Tryptic peptide mapping of the related nuclear envelope antigens. The RL2 antigens were immunoadsorbed from nuclear envelopes that had been solubilized in Triton/high salt buffer and were subjected to electrophoresis on an SDS gel. After staining with Coomassie Blue, bands at 210, 180, 145, 100, 63, 58, and 54 kD were separately excised, iodinated with chloramine T, and limitdigested with trypsin. Tryptic digests were then separated on cellulose thin-layer plates by electrophoresis (E) followed by chromatography (C). The origin is at the lower left of each plate. The 45-kD antigen was not analyzed in these studies because it co-migrated with the heavy chain of IgG. detectable on immunoblots by any antibodies were specifically present in many immunoadsorbed samples, including members of a group of four major polypeptides migrating at 250, 87, 52, and 41 kD (Fig. 1 B, arrowheads to left of lane 1) as well as a number of more minor bands. The major polypeptides apparently do not directly react with the monoclonal antibodies ( Fig. 1 ; see accompanying paper [25] ) and probably coprecipitate with the monoclonal-specific antigens due to a noncovalent physical association with the latter that is not disrupted in Triton/high salt buffer. In support of this possibility, when nuclear envelopes were first solubilized in SDS to disrupt noncovalent protein interactions before immunoadsorption, the two major bands at 87 and 41 kD in samples adsorbed by RL2 from Triton-high salt-solubilized material were absent (Fig. 1 B, cf. lanes 2 and 3) , although adsorption of some immunoreactive bands (especially the 100-and 54-kD species) was less efficient with this condition.
The nuclear envelope proteins immunoadsorbed by RL2 were also examined by electrophoresis on 2-D gels (Fig. 2) , where it was possible to detect all polypeptides except for the high molecular mass (the 210 and 180 kD) polypeptides which were not clearly resolved in the first dimension. The bands of 145, 100, 63, 58, 54, and 45 kD each gave rise to a single major species (usually consisting of multiple charge isoforms) on 2-D gels stained with Coomassie Blue (Fig. 2 A, arrows) or with silver (data not shown). Each of these comigrated with a single immunoreactive species having the same molecular mass and charge isoforms (Fig. 2 B) . Thus, most of protein mass in the bands found at these molecular mass positions in immunoadsorbed samples is contributed by single polypeptides that directly react with our monoclonal antibodies.
Structurally Distinct Polypeptides with Multiple C o m m o n Epitopes
To examine whether the set of immunologically related polypeptides recognized by our monoclonal antibodies could arise from a common precursor(s) by proteolytic cleavage, we analyzed the polypeptides by two-dimensional tryptic peptide mapping after chemical iodination (Fig. 3) . Unique maps were found for all members of the set comprising the 210-, 180-, 100-, 63-, and 54-kD species. In addition, the pairs consisting of the 180/145-kD bands and the 63/58-kD bands shared labeled peptides (Fig. 3, arrows) . Since the band migrating more quickly of each of these two pairs conrained four to eight strongly labeled unique peptides, it probably did not arise by simple proteolytic cleavage of the species migrating more slowly. In the case of the 180/145-kD pair, the 145-kD band may be contaminated with proteolytic products of the upper band, since the 180-kD band is very sensitive to degradation by various proteases in vitro (data not shown). However, most of the 145-kD band must be a unique species since it (but not the 180-kD band) contains an integral membrane protein (see below).
To further examine the relationships among members of this set of polypeptides, we prepared polyclonal rabbit antisera to the bands of 180, 100, 63, and 54 kD excised from SDS gels of immunoadsorbed samples. Affinity-purified polyclonal antibodies were then used for analysis of the RL2 antigens on immunoblots (Fig. 4) (presumably recognizing many epitopes) bound predominantly to a single band at the expected molecular mass, although the anti-180-kD antibody also labeled a series of minor quickly migrating species in the 150--180 kD region of the gel (see above). Thus, in contrast to the monoclonal antibodies, the polyclonal antibodies primarily recognized epitopes not shared among the eight proteins. Taken together with the peptide mapping data, these results indicate that most or all of the eight polypeptides are structurally distinct species that do not arise by proteolytic processing of other members of the group. We used solid-phase competition binding to investigate whether the 180-kD polypeptide contains spatially separated epitopes recognized by the different monoclonal antibodies, or whether the epitopes all occur at or near the same site. The binding of various t25I-labded monoclonal antibodies to the affinity-purified protein was measured in the presence or absence of a large excess of each of the other unlabeled antibodies (Fig. 5) . In almost all cases examined, only the homologous unlabeled antibody resulted in >95 % inhibition of binding of each labeled antibody. The heterologous antibodies inhibited binding weakly (usually by <50%) or not at all. Qualitatively very similar results were obtained when the whole group of antigens immunoadsorbed by antibody RL2 were analyzed by the competitive binding assay (data not shown). We conclude that at least the 180-kD polypeptide appears to contain multiple spacially separated epitopes recognized by our set of monoclonal antibodies. These results are readily understood in terms of the chemical characteristics of these epitopes, which involve a protein glycosylation site (see accompanying paper [25] ).
Cofractionation of the Proteins with the Pore Complex
We used immunoblot analysis to follow the fractionation of the RL1 antigens upon extraction of isolated rat liver nuclei or nuclear envelopes with a variety of enzymatic and chemical conditions (Fig. 6) . 3 When nuclei were digested with DNase and RNase in a low ionic strength buffer to release the nuclear contents from crude nuclear envelopes (references 8 and 29; Fig. 6 B, lanes 2 and 3) , most of the mass of all detectable nuclear envelope antigens occurred in the nuclear envelope pellet and was not extracted (Fig. 6 A, lanes  2 and 3) , similar to the behavior of nuclear lamins (data not shown).
Extraction of crude nuclear envelopes (Fig. 6 B, lane 4) with 0.5 M NaC1 leads to solubilization of most histones and other chromatin proteins from tightly bound nuclear envelope components (reference 20; Fig. 6 B, lanes 5 and 6). With this treatment, most of the mass of the detectable antigens appeared in the nuclear envelope pellet (Fig. 6 A, lanes 5 and 6). Even upon extraction of nuclear envelopes with 2 M NaC1 (conditions that result in partial structural disruption of pore complex; see reference 45), >50% of all detectable antigens occurred in the pellet fraction (Fig. 6 A, lanes  7 and 8) , although the 180-, 63-, and 58-kD bands were extracted more extensively than the other bands by this treatment, When nuclear envelopes are extracted with Triton X-100 in a low ionic strength buffer, nuclear membranes and integrad membrane proteins of the outer nuclear membrane (e.g., cytochrome IM50) are solubilized, while the pore complex remains structurally intact and the pore complex marker protein gpl90 is found in the pellet fraction with the lamins (reference 19; Fig. 6 B, lanes 9 and 10) . Similarly, the antigens recognized by our monoclonal antibodies quantitatively pelleted after the low ionic strength Triton extraction (Fig.  6 A, lanes 9 and 10) . In contrast, extraction of nuclear envelopes with Triton X-100 in higher salt (0.3 M KC1) leads to selective solubilization of pore complexes and gplg0, while the lamins remain insoluble and pellet (references 19 and 20; Fig. 6 B, l a n e s / / a n d 12). Extraction of nuclear envelopes with this high salt Triton condition resulted in complete solubilization of all antigens detectable with our antibody, except for ,o20 % of the 180-kD band (Fig. 6 A, lanes 1/and 12) .
Finally, extraction of nuclear envelopes with 0.1 N NaOH (Fig. 6 A, lanes 13 and 14) or 4 M guanidine-HCl (data not 3. In Fig. 6 , only five of the RLl-immunoreactive polypeptides (bands of 180, 145, 100, 63, and 58 kD) were visible in the nuclear fractionation experiment (Fig. 6 A, lanes 1-3) and six of the polypeptides (bands of 210, 180, 145, 100, 63, and 58 kD) were visible in the nuclear envelope fractionation (Fig. 6 A, lanes 5-14) , due to our inability to load substantially more antigen on SDS gels to visualize the most weakly reacting bands. When these immunoblots were overexposed, the 210-kD band was seen in Fig. 6 A, lanes 1-3 and the 54-and 45-kD bands were detectable in Fig. 6 A, lanes 5-14. These additional bands showed fractionation behavior very similar to the 100-kD band under all conditions examined (data not shown).
The Journal of Cell Biology, Volume 104, 1987 Figure 6 . Behavior of the nuclear envelope antigens during subfractionation of nuclei and nuclear envelopes. Isolated rat liver nuclei (N) or nuclear envelopes (NE) were incubated with various extraction conditions as described in the text and Methods, and sedimented to yield insoluble pellets (P) and solubilized supernatants (S). shown) to separate peripheral from integral membrane proteins (43) showed that most of the antigens arc peripheral membrane proteins, and only the 145-kD band pellets with membrane vesicles as an integral membrane protein.
In summary, our fractionation data indicates that all eight polypcptides recognized by our antibodies are relatively tightly bound to nuclear envelopes, and that at least most of these polypeptides are highly enriched in the envelope fraction. The behavior of these antigens upon extraction of nuclear envelopes with nonionic detergent at various ionic strengths is consistent with a localization in the nuclear pore complex, and is inconsistent with a tight association with the lamina or a localization in the outer nuclear membrane.
Punctate Immunofluorescence Labeling of Nuclei and Mitotic Cells
NRK cells were used for indirect immunofluorescence localization of the antigens recognized by our monoclonal antibodies (Fig. 7, A-D) . Monoclonal antibodies RL1, RL2, RL3, RL4, RLf, and RLll labeled the nucleus strongly in all intcrphase cells and gave a distinctive punctate labeling (E-F) Isolated rat liver nuclei were centrifuged onto coverslips, fixed and permeabilized as described above, and labeled for immunofluorescence microscopy with RL1 (E) and RLI2 (F).
(G-H) 4-ktm thick cryosections
were cut from rat liver, fixed with 100% methanol, and processed for immunofluorescence microscopy with RL1 (G) and RL12 (H). Bar, 10 ~m. Fig. 7 C; others not shown). Since the nuclei of NRK cells are quite flat, it was possible to visualize a large area of the nuclear surface in a single focal plane. The punctate labeling of the nuclear surface obtained with these antibodies sharply contrasted with the more uniform nuclear surface labeling seen with a monoclonal antibody that recognizes the three nuclear lamins (Fig. 7 D; ef. to Fig. 7 , A and C; see also references 18 and 34) .
To analyze whether the antibodies exclusively label the nuclear surface or label the nuclear interior as well, isolated rat liver nuclei were examined by immunofluorescence microscopy. In contrast to nuclei in NRK cells, rat liver nuclei are round and allow clear-cut discrimination between nuclear surface vs. internal labeling in an appropriate focal plane. With these samples, the monoclonal antibodies strongly labeled the nuclear periphery and gave little or no staining of the nuclear interior, although punctate labeling of the nuclear envelope was inconspicuous in most optical sections (RL1 shown in Fig. 7 E; others not shown) . This peripheral labeling is identical to that seen for the nuclear lamins (Fig. 7 F) which are localized exclusively in the nuclear envelope. Analogous localization results were obtained by staining 4 ~tm rat liver cryosections with RL1 (Fig. 7 G) and a monoclonal antibody reacting with the lamins (Fig. 7 H) .
Thus, the results of immunofluorescence microscopy completely support our biochemical fractionation data, and indicate that the related antigens recognized by our monoclonal antibodies are specifically localized in the nuclear envelope. Furthermore, the punctate labeling pattern is strongly suggestive of a localization in the nuclear pore complex (see reference 5). Only one of the affinity-purified polyclonal antibodies that we prepared (anti-180 kD; see Fig. 4 ) gave a significant level of signal in immunofluorescence staining of NRK cells. In this case the staining pattern was identical to the punctate labeling obtained with the monoclonal antibodies (data not shown).
The nuclear lamins undergo reversible disassembly during mitosis (18, 34) coinciding with the disassembly and reformation of the nuclear envelope (14) . Examination of NRK cells showed that the antigens labeled by monoclonal antibody RL1 undergo analogous changes during mitosis (Fig.  8) . During prophase, the antigens were completely lost from the nuclear surface and by prometaphase (Fig. 8 A) had become dispersed throughout the cytoplasm. However, in marked contrast to the nuclear lamins that are homogeneously distributed throughout metaphase cells (18, 34) , the disassembled RL1 antigens appeared as many tiny punctate foci. The antigens remained in this punctate disassembled state through metaphase (Fig. 8 B) and early to mid anaphase (data not shown). However, beginning in late anaphase (Fig.  8 C) and continuing in telophase (Fig. 8 D) the antigens reassociated with the chromosomal surfaces. By late telophase to early G1 (Fig. 8 E) , the antigens were exclusively localized around the surfaces of the daughter chromosome s e t s .
Similar to the RL1 antigens, the proteins labeled by the other monoclonal antibodies were also reversibly disassembled to a dispersed punctate form in mitotic cells (data not shown). These results suggest that at least a substantial fraction of these antigens remain in discrete macromolecular structures after nuclear envelope disassembly. Nevertheless, it is plausible that some of the antigens are also uniformly distributed throughout mitotic cells like the lamins, but are not readily discernable by immunofluorescence microscopy in these cells.
EM Immunolocalization in the Pore Complex
We localized these antigens at the EM level by indirect immunogold labeling of isolated (non-detergent-treated) rat liver nuclear envelopes with monoclonal antibodies (Fig. 9) . In many areas of these samples, it was possible to unambiguously distinguish outer and inner nuclear membranes, since the outer nuclear membrane was periodically ruptured and/or absent, while the inner membrane was mostly continuous (reference 7; see Fig. 9 , E and G). With all antibodies tested (RL1, RL2, RL6, and RLll), labeling occurred exclusively at nuclear pore complexes ( Fig. 9; e.g., arrow- Figure 9 . Immunoelectron microscopic localization of the nuclear envelope antigens in isolated rat liver nuclear envelopes. Isolated nuclear envelopes were washed with 0.5 M NaCI, fixed with paraformaldehyde, and incubated for indirect immunogold labeling with monoclonal antibodies RLI (A and B), RL2 (C), monoclonal antibody RL12 that is specific for lamins (D), RLll (Eand F), RL6 (G), and an irrelevant RL1  95  457  43  57  RL2  , 257  1,283  43  57  RL6  127  457  49  51  R L l l  366  429  92  8 * Areas where the inner and outer nuclear membranes could be clearly distinguished were selected for analysis. Only gold-labeled pore complexes were scored.
heads in A and E) and was completely absent from other areas of nuclear membranes. Most labeling was seen at the cytoplasmic and/or nucleoplasmic margins of the pore complex in the regions of the eightfold symmetrical tings (see references 13 and 45) . Little or no labeling in areas of the central radial spokes was seen, although it is conceivable that this region was relatively inaccessible to antibodies due to steric constraints. Furthermore, no specific labeling was ever seen on the lumenal side of nuclear membranes (i.e., within the perinuclear space), even though this area was accessible to antibody labeling due to periodic discontinuities in the outer nuclear membrane. In contrast to this pattern, a monoclonal antibody recognizing the three lamins uniformly labeled the nucleoplasmic surface of the inner nuclear membrane (Fig. 9 D) and an irrelevant monoclonal IgG gave virtually no labeling of the nuclear envelope with our conditions (Fig. 9 H) . Antibodies RL1 (Fig. 9 , A and B) and RL2 ( Fig. 9 C) , which recognize all eight nuclear envelope antigens, bound at high levels to all pore complexes. The nucleoplasmic and cytoplasmic margins of this structure were labeled to similar extents (Table II) . Antibody RL6 (Fig. 9 G) also bound to both sides of the pore complex, although at lower levels than RL1 and RL2 (Table II) . Interestingly, antibody RLll, which is virtually monospecific for the 180-kD band, bound almost exclusively to the nucleoplasmic side of the pore complex (Fig. 9 , E and F and Table II) .
In summary, all the monoclonal antibodies that we tested decorated exclusively the nuclear pore complex. Combined with the results of biochemical fractionation and immunofluorescence microscopy, these data indicate that most or all eight antigens recognized by our set of monoclonal antibodies occur specifically in the nuclear pore complex.
Abundance of Proteins in the Pore Complex
The antigens recognized by monoclonal antibody RL2 were immunoadsorbed quantitatively from samples of rat liver nuclear envelopes and the amount of each of the adsorbed bands was determined from Coomassie Blue-stained SDS gels, to estimate the abundance of each of the proteins in the pore complex (Table 11I) . Between 5 and 13 ng of each polypeptide was measured in 1 U of nuclear envelopes (the amount derived from 3 x 106 nuclei). Based on these values, and assunnng that 3.8 x 104 pore complexes occur in a rat liver (Fig. 4 ) occurred in the antibody-bound fraction. Subsequently, samples were run on SDS gels and quantities of antigen were measured after staining with Coomassie Blue using bovine serum albumin as a standard. Values represent the average and standard deviations of three independent determinations. ¢ 1 U of nuclear envelopes is the amount of nuclear envelopes derived from 1 A~0 U of isolated nuclei, which contains 3 × 106 nuclei. 1 U of saltwashed nuclear envelopes contains 7.3 -I-0.55 ~tg protein (n = 2) as determined by the method of Lowry 07). § Corrected for a 25% loss of nuclear envelope protein incurred during isolation of salt-washed nuclear envelopes from nuclei, as defined by the loss of the nuclear lamins during the same steps by quantitative immunoblotting measurements.
nucleus (39), we calculate that there are on average between two and eight copies of each polypeptide per pore complex (Table HI) , assuming that all eight polypeptides are present in every pore complex. A total of ~35 polypeptides of the group would occur in a single pore complex. When association of radioactively labeled RL2 and RLll with isolated nuclear envelopes was measured, saturable binding was obtained with both antibodies (Fig. 10) . In a Scatchard plot (40), the RL2 binding showed a major class of sites (dotted line) with an apparent affinity of 5.3 nM present at 14.4 sites per pore complex. Additional lower affinity sites were also present. In a Scatchard plot of RLll binding, a class of sites was seen at high antibody concentrations with an apparent affinity of 2.9 nM present at an average of 3.5 sites per pore complex. The number of binding sites per pore complex measured for RL2 and RLll are consistent with the monoclonal IgG H A 4 (H). Examples of pore complexes (arrowheads in A and E) and the outer (ONM) and inner nuclear m e m b r a n e s (INM) are indicated. Bar, 180 nm. relative levels of antibody decoration obtained by immunoelectron microscopy ( Fig. 9) . However, the number of binding sites measured by Scatchard analysis is likely to be an underestimate of the actual number of antigen molecules per pore complex (cf . Table IH) , because a single bivalent IgG molecule could bind to two antigen molecules, and stoichiometric binding of antibodies (particularly RL2) to all antigens in the pore complex could be sterically inhibited.
Snow et al. mAbs Identify a Group of Nuclear Pore Complex Glycoproteins
Discussion
A Novel Group of Pore Complex Glycoproteins
Using monoclonal antibodies, we identified a group of eight nuclear envelope polypeptides, migrating between 45 and 210 kD on SDS gels, which have common epitopes. Tryptic peptide mapping and immunoblotting with polyclonal antibodies showed that most or all of the eight polypeptides are structurally distinct. While the proteins are relatively tightly bound to nuclear membranes, all are peripheral membrane proteins except for a 145-kD integral membrane protein. The eight polypeptides cofractionated with the pore complex under various conditions of ionic strength and nonionic detergent.
Immunofluorescence microscopy indicated that the eight antigens are highly enriched in the nuclear envelope, in agreement with the biochemical results. All of the monoclonal antibodies that were selected for this study gave distinctive punctate labeling of the nuclear surface, similar to the pattern recently described for a 62-kD polypeptide localized in the nuclear pore complex (5), and to the pattern obtained with monoclonal antibodies recognizing the pore complex glycoprotein gpl90 (Senior, A., and L. Gerace, unpublished observation).
By immunoelectron microscopy performed on isolated rat liver nuclear envelopes, the four monoclonal antibodies we examined labeled exclusively the nuclear pore complex. These antibodies reacted with different subsets of the eight antigens on immunoblots, ranging from a single polypeptide (the 180-kD species) to all eight proteins. All of the polypeptides recognized on immunoblots by a particular monoclonal antibody may not have been labeled to the same relative extent in immunogold microscopy of intact nuclear envelopes. Nevertheless, it is probable that all eight polypeptides identiffed by our antibodies occur in the pore complex, considering the immunolocalization data together with the fractionation results.
With three of the four monoclonal antibodies, roughly equivalent levels of immunogold decoration were obtained on both the cytoplasmic and nucleoplasmic margins of the pore complex, concentrated in regions containing the eightfold symmetrical rings (13, 45) . In contrast, antibody RLll, which was virtually monospecific for the 180-kD band, labeled almost exclusively the nucleoplasmic side of the pore complex. This result raises the intriguing possibility that the 180-kD polypeptide, and perhaps other members of the group of eight antigens, occur exclusively on either one or the other side of the pore complex (see below). Our data do not distinguish whether all members of the antigen set are present in every pore complex, or whether certain proteins are restricted to a subset of the total pore complexes.
During mitosis, the proteins labeled by immunofluorescence microscopy were reversibly dispersed throughout the cytoplasm, coinciding with nuclear envelope disassembly and reformation. Interestingly, the antigens yielded a finely punctate staining pattern in metaphase and anaphase cells, suggesting that at least some of the eight polypeptides occur in discrete macromolecular complexes after nuclear envelope disassembly. These putative pore complex substructures may consist of functionally associated proteins.
As demonstrated in the accompanying paper (25) , the group of nuclear envelope proteins identified by our monoclonal antibodies all contain a recently described protein glycosylation, O-linked N-acetylglucosamine (24, 44) . Furthermore, this sugar modification forms a major part of the epitopes recognized by all of the monoclonal antibodies we have studied. Since the antibodies labeled only the cytoplasmic and nucleoplasmic (as opposed to lumenal) surfaces of nuclear membranes in immunoelectron microscopy, this sugar modification necessarily must be disposed on the cytoplasmic and nucleoplasmic nuclear membrane surfaces. The topolological disposition of this protein-bound carbohydrate contrasts with that of other glycoprotein saccharide modifications that have been carefully analyzed in cells (e.g., asparagine-linked oligosaccharides, reference 32) which occur exclusively on the lumenal side of intracellular membrane compartments.
The fact that multiple glycosylation sites are present on at least some of the eight pore complex proteins (see accompanying paper) could readily explain the observation that most of the monoclonal antibodies studied apparently recognize spacially separate epitopes on the 180-kD polypeptide. This could also account for the observation that different antibodies bind to different subsets of the group of eight proteins. It is likely that the 62-kD wheat germ agglutinin-binding glycoprotein recently localized in the pore complex (5) is identical to the 63-kD polypeptide reacting with our monoclonal antibodies, considering the similar biochemical properties of these two species.
Some of our monoclonal antibodies reacted weakly on immunoblots of nuclear envelopes with other bands, in addition to the eight polypeptides we have considered. These minor immunoreactive species may represent additional distinct members of the group of pore complex glycoproteins we have identified, although we did not analyze these proteins further because of their relatively low abundance. Interestingly, up to four additional polypeptides, similar in abundance to the major glycoproteins, appeared in samples immunoadsorbed from nuclear envelopes after solubilization with relatively nondenaturing conditions. These additional bands were completely unreactive with the monoclonal antibodies on immunoblots, and probably appeared in adsorbed samples due to a tight physical association with some of the glycoproteins. Thus, these coadsorbed polypeptides are good candidates for being additional pore complex components.
Based on its dimensions (13, 45) , the pore complex may have a molecular mass of 25-50 x 10 ~ D. If this is the case, then the group of pore complex glycoproteins we have identiffed, which comprises an estimated 3.5 x 10 ~ D, would represent a relatively small fraction of the total mass (and probably number of proteins) of the pore complex.
Possible Functions of the Glycoproteins
We have detected polypeptides homologous to rat liver Olinked giycoproteins by immunofluorescence microscopy and immunoblotting in a variety of vertebrate cell types, including oocytes and cultured cells of Xenopus laevis (Senior, A., C. Featherstone, and L. Gerace, unpublished observation), and anticipate that their presence in the pore complex will be evolutionarily conserved. Since these O-linked glycoproteins occur at relatively low abundance (two to eight copies on average per pore complex), it is unlikely that they serve generalized structural functions, such as has been proposed for the pore complex glycoprotein gplg0 (19) , which is present at an estimated 25 copies per pore complex.
One intriguing possibility is that they constitute or are part of receptors for transporting different classes of macromolecules between nucleus and cytoplasm. Both their relative abundance (two to eight copies per pore) and their localization (in the peripheral rings of the pore complex facing the nucleoplasm and cytoplasm) axe consistent with this possibility. An asymetric localization in the pore complex (as suggested for the 180-KD polypeptide) might be expected for such transport receptors, since translocation of many or all classes of large macromolecules across the pore complex may be a strictly vectorial process. Each pore complex could contain multiple distinct receptors on both its nucleoplasmic and cytoplasmic margins in the eightfold symmetrical rings, which could be connected to a common translocating machine(s) in the central regions of the pore. Whatever the actual functions of these glycoproteins, in vivo and in vitro functional analyses of the pore complex should be greatly facilitated with the information and immunological probes we have described in this paper.
